Introduction
Astrocytoma is the most common malignant tumor in the central nervous system and can be divided into Grade I (pylocytic astrocytoma), Grade II (diffuse astrocytoma), Grade III (anaplastic astrocytoma), and Grade IV (glioblastoma). Despite improvements in areas such as earlier diagnosis, surgery, and chemotherapy, the prognosis for this malignancy remains poor. 1 Development of chemoresistance plays a vital role in the progression and poor response of human astrocytoma, and identifying of related targets is an important task. 2, 3 Tbx2 is one of the T-box family transcription factors that are involved in various biological processes such as development and tumorigenesis. 4, 5 Tbx2 overexpression has been found in several cancers including breast cancer, lung cancer, and colorectal cancer. [6] [7] [8] Previous reports showed that Tbx2 overexpression correlated with poor patient prognosis, cancer cell proliferation, and invasion. 7, 8 However, the expression pattern and biological roles of Tbx2 in human astrocytoma have not been investigated.
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In the present study, we examined clinical significance of Tbx2 overexpression in human astrocytoma by immunohistochemistry. We also explored the effects of Tbx2 on astrocytoma cell proliferation, invasion, and temozolomide resistance. In addition, the potential underlying mechanism of action of Tbx2 in astrocytoma cells was explored.
Materials and methods
Patients and specimens
The study protocol was approved by the institutional reviewer board of immunohistochemistry Four-μm tissue sections were prepared. Immunohistochemistry was performed using the Elivision plus kit purchased from Maixin (MaiXin, Fuzhou, People's Republic of China). Deparaffinization was performed using xylene. Sections were rehydrated with graded alcohol. Antigen retrieval was performed in citrate buffer (pH 6.0) for 2 minutes. H 2 O 2 was used to block the endogenous peroxidase. Normal goat serum was used to reduce nonspecific binding. Then, sections were incubated with Tbx2 polyclonal antibody (1:60; Sigma, St Louis, MO, USA) overnight at 4°C. Rabbit immunoglobulin (at the same concentration as for the antigen-specific antibody) was used as a negative control. The staining was followed by incubation with polymer secondary antibodies. The peroxidase reaction was developed using DAB plus from Maixin (Maixin, Fuzhou, People's Republic of China). Counterstaining was done with hematoxylin, and the sections were dehydrated in alcohol before mounting. For evaluation of Tbx2 staining, we counted 400 tumor cells and calculated the intensity and percentage of positively stained cells. Tbx2 was scored as positive or high expression when a specimen showed .15% of cancer cells staining positive for Tbx2 protein.
cell culture and transfection U251 and U87 cell lines were obtained from American Type Culture Collection (Manassas, VA, USA). The cells were cultured in Dulbecco's Modified Eagle's Medium (Invitrogen, Carlsbad, CA, USA) containing 10% fetal calf serum (Invitrogen). siGENOME Tbx2 siRNAs pool and negative siRNAs pool were obtained from Dharmacon (GE Healthcare, Piscataway, NJ, USA). siRNA was transfected with DharmaFECT1 (GE Healthcare). pCMV6 Tbx2 plasmid was obtained from Origene (Origene, Rockville, MA, USA). Transfection was performed in A172 cell line using Attractene reagent (Qiagen, Hilden, Germany). For each well of a 6-well plate, 0.2 nmol siRNA/1.2 μg plasmid DNA was used for transfection.
ccK8 assay
For Cell Counting Kit-8 (CCK8) assay, 24 hours after plasmid or siRNA transfection, cells were plated in 96-well plates at a concentration of approximately 2,000 cells per well and cultured for the next 4 days. For evaluation of cell viability, CCK8 solution was added to each well and incubated for 4 hours in the incubator. Then the plates were measured spectrophotometrically at 490 nm.
Matrigel invasion assay
Matrigel invasion assay was carried out using a 24-well Transwell chamber from Costar (Corning, NY, USA) coated with 20 μL Matrigel with a dilution rate of 1:6 (BD Biosciences, San Jose, CA, USA). About 48 hours after the transfection, cells were trypsinized and transferred to the upper chamber with the serum and incubated for 18 hours. To the lower chamber was added medium supplemented with 10% serum. Noninvading cells were wiped away, and cells that had invaded through the filter were fixed with 4% paraformaldehyde and stained with hematoxylin.
Western blot analysis
Total protein from tissue and cells was extracted and quantified using the Bradford method. Samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA) and incubated overnight at 4°C with antibody against Tbx2 (1:1,000; Sigma), cyclin D1 
1061
Tbx2 in glioblastoma and the bands detected using DNR Imaging System (DNR, Jerusalem, Israel).
Quantitative real-time polymerase chain reaction
Real-time (RT-PCR) was carried out using the SYBR Green master mix from ABI (ABI, Waltham, MA, USA) with a 7,500 Real-Time PCR System (ABI). A dissociation step was performed to generate melting curves to confirm the specificity of the amplification. Expression levels of the analyzed genes were normalized to the expression of β-actin. The fold change of gene expression was calculated by the 2 -ΔΔCt method. The sequences of the primer pairs are as follows: Tbx2 forward, 5′-GGCTTCAACATCCTAAACTCC-3′; Tbx2 reverse, 5′-AAGATCGACCAACAACCCGTTT-3′. β-actin forward, 5′-ATAGCACAGCCTGGATAGCAAC GTAC-3′, β-actin reverse, 5′-CACCTTCTACAATGAGCT GCGTGTG-3′.
Detection of mitochondrial Dna (mtDna) content
Relative mtDNA content was measured by examining ND1 and HBB expression. The single-copy HBB gene was used as control. The ratio of mtDNA copy number to HBB copy number was determined for each sample from standard curves. Then mtDNA/HBB was normalized to a calibrator DNA and the normalized mtDNA/HBB ratio was determined as the copy number. The primer sequences for the mitochondrial ND1 and HBB are as follows: ND1 forward, 5′-CCCTAAAACCCgCCACATCT-3′; ND1 reverse, 5′-GAGCGATGGTGAGAGCTAAGGT-3′. HBB forward, 5′-GTGCACCTGACTCCTGAGGAGA-3′; HBB reverse, 5′-CCTTGATACCAACCTGCCCAG-3′.
Matrigel invasion assay
Matrigel invasion assay was performed using a Transwell chamber from Costar coated with 20 μL Matrigel (1:6 dilution; BD Biosciences). Cells were transferred to the upper chamber with serum free medium. To the lower chamber was added medium with 15% serum. After 18 hours incubation, cells that had invaded through the filter were fixed and stained with hematoxylin.
Flow cytometry and annexin V/propidium iodide analysis
For determination of cell cycle, cells were seeded into 6 cm tissue culture dishes. About 48 hours after transfection, cells were harvested, fixed in 1% paraformaldehyde, washed with phosphate-buffered saline (PBS), and stained with 5 mg/mL propidium iodide (PI) in PBS supplemented with RNase A (Roche, Indianapolis, IN, USA) for 30 minutes at room temperature. Cells in each individual phase of the cell cycle were determined based on their DNA ploidy profile using ACEA Flow Cytometer. The apoptosis rate was determined using Annexin V/PI staining kit from BD Biosciences.
Immunofluorescence
To determine subcellular distribution of mitochondria, cells were loaded with 50 nM MitoTracker green (Life Technologies, Carlsbad, CA, USA) for 30 minutes to stain the mitochondria. Nuclei were counterstained with DAPI. Images were taken using Olympus FV1000 confocal microscope (Olympus, Tokyo, Japan).
statistical analysis SPSS version 16 (SPSS Inc, Chicago, USA) was used in this study. The χ 2 test was used to check the correlations between Tbx2 and clinical parameters. The Kaplan-Meier method was used to estimate the probability of patient survival, and differences in the survival of subgroups of patients were compared by using Mantel's log-rank test. The Cox regression model was used for multivariate analysis. Student's t-test was used to compare differences between transfection and control groups. P,0.05 was considered to be significant.
Results
Tbx2 is overexpressed in human astrocytoma and confers poor prognosis
We examined expression of Tbx2 protein in 102 astrocytoma specimens and 16 normal tissues using immunohistochemistry. In normal brain tissues, Tbx2 expression was negative in astrocytes and neurons ( Figure 1A ). Positive nuclear Tbx2 staining was observed in 41 of 102 astrocytoma specimens ( Figure 1B-D) . We analyzed the relationship between clinical factors and Tbx2 status and found that high Tbx2 expression did not correlate with age or gender. Positive rate of Tbx2 protein in Grade I (pylocytic astrocytoma), Grade II (diffuse astrocytoma), Grade III (anaplastic astrocytoma), and Grade IV astrocytoma (glioblastoma multiform) were 0%, 26.1%, 40%, and 52%, respectively (Table 1) . Glioblastoma multiform (GBM) showed significant higher positive rate compared with Grade I-III astrocytomas (P=0.0327) ( Table 1) . Kaplan-Meier analysis showed that the patients with lower level of Tbx2 had longer overall survival ( Figure 1E , P,0.001). Univariate and multivariate analyses revealed that Tbx2 was an independent predictor for overall survival of patients with astrocytoma of all grades (Table 2) . We also verified the prognostic value of Tbx2 in GBM group. Kaplan-Meier analysis showed that in GBM patients, those with high Tbx2 showed poorer survival than those with low Tbx2 ( Figure 1F , P,0.001).
Tbx2 promotes proliferation, invasion in gBM cell lines
We examined protein expression of Tbx2 in 3 GBM cell lines (U87, U251 and A172) using Western blot and quantitative RT-PCR (RT-qPCR). We found high Tbx2 expression in U251 cell line and low Tbx2 in U87 and A172 cell lines (Figure 2A) . In order to explore the biological function of Tbx2 in astrocytoma cells, siRNA knockdown of Tbx2 was performed in U251 cell line, while Tbx2 plasmid transfection was carried out in A172 cell line. As shown in Figure 2B , the level of Tbx2 was significantly inhibited after siRNA treatment, and plasmid transfection upregulated Tbx2 expression at both mRNA and protein levels.
We carried out CCK8 assay to examine the effect of Tbx2 on cell proliferation. Tbx2 overexpression upregulated cell 
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Tbx2 in glioblastoma growth rate, while Tbx2 depletion inhibited cell proliferation ( Figure 2C ). In addition, we compared the cell growth rate in these three cell lines with different Tbx2 status. As shown in Figure 2C , U251 with high endogenous Tbx2 exhibited highest growth rate. Then, we performed Matrigel invasion assay to analyze the potential effect of Tbx2 on cell invasion. As shown in Figure 2D , Tbx2 siRNA inhibited cell invasion in U251 cell line (control siRNA versus Tbx2 siRNA U251: 125.6±6.4 versus 51±5.5, P,0.05), while Tbx2 overexpression upregulated invading ability in A172 cell line (empty vector versus Tbx2 plasmid A172: 64.6±4.7 versus 117±7.2, P,0.05). Using Western blot, we also found that Tbx2 overexpression upregulated protein expression of MMP2 and MMP9. Tbx2 depletion in U251 cell line inhibited MMP2 and MMP9 protein ( Figure 3C) . Altogether, these results demonstrated that Tbx2 could modulate both proliferation and invasion.
Tbx2 promotes cell cycle progression in gBM cell lines
To find out potential mechanism of Tbx2-induced proliferation, cell cycle analysis using flow cytometry was carried out. The results showed that Tbx2 transfection facilitated G1-S transition in A172 cells, with upregulation of S phase percentage and downregulation of G1 phase percentage. Tbx2 siRNA in U251 cells blocked G1-S cell cycle progression ( Figure 4A ). In addition, examination of cell cycle-related proteins demonstrated that Tbx2 overexpression increased cyclin D1 expression and decreased p21 protein. Tbx2 depletion downregulated cyclin D1, while it upregulated p21 ( Figure 3C ).
Tbx2 reduces temozolomide-induced apoptosis in gBM cell lines
The role of Tbx2 on apoptosis and resistance to chemotherapeutic drugs has not been investigated yet in GBM. We used temozolomide (TMZ) (50 μM) to treat U251 and A172 cells transfected with Tbx2 siRNA or plasmid for 24, 48, and 72 hours. CCK-8 assay showed a remarkable decrease in U251 cell viability after siRNA treatment. Tbx2 transfection significantly upregulated cell viability in A172 cells treated with TMZ ( Figure 4B ). We used Annexin V/PI staining to determine the changes in apoptosis after 24 hours of TMZ treatment. As shown in Figure 5A , Tbx2 overexpression reduced the rate of apoptosis induced by TMZ. Tbx2 depletion increased apoptosis percentage in U251 cell line. In addition, Western blot demonstrated that Tbx2 overexpression downregulated cleaved caspase 3 and upregulated caspase 3. Tbx2 also downregulated cytochrome C and upregulated Bcl-2 expression. Tbx2 depletion in U251 cells showed the opposite results ( Figure 5B ).
Tbx2 regulates mitochondrial fission/ fusion and related proteins
To investigate whether Tbx2 is involved in the dynamic balance of mitochondria, we examined mitochondrial morphology of GBM cells 48 hours after plasmid or siRNA transfection using confocal microscopy. Compared with controls, mitochondria in cells with Tbx2 overexpression were more prone to fission (short mitochondria), while in U251 cells treated with Tbx2 siRNA, mitochondria were more prone to fusion (elongated shape) ( Figure 3A) . Then, we checked the change of mtDNA content. The mean mtDNA content increased in A172 cells with Tbx2 overexpression. In contrast, mtDNA content decreased after Tbx2 depletion in U251 cells ( Figure 3B ). Furthermore, we examined the level of p-Drp1(S616), the active form of Drp1, which promotes recruitment of Drp1 to the mitochondrial membrane, which induces increased mitochondrial fission. As shown in Figure 3C , Tbx2 overexpression upregulated p-Drp1, while Tbx2 depletion downregulated p-Drp1. 
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Discussion
In the present study, we demonstrated that Tbx2 overexpression correlated with advanced grade and poor prognosis in human astrocytomas. We also showed that Tbx2 facilitated GBM cell proliferation and invasion and inhibited TMZinduced apoptosis. Tbx2 also modulated mitochondrial dynamics in GBM cell lines. Tbx2 is a member of T-box transcription factor family containing DNA binding domain known as the T-box, which play a role in cell cycle progression and cancer development. In primary fibroblasts or striatal cells, overexpression of Tbx2 can inhibit senescence through repression of ARF and p21 promoters, 9 suggesting its oncogenic potential. Tbx2 protein expression is elevated in several cancer tissues including lung, breast, and colorectal cancer and serves as a prognostic biomarker. 4, 7, 8 Tbx2 overexpression promotes cancer cell growth, invasion, and metastasis. 4, 5, 10 However, the involvement of Tbx2 in astrocytoma development, especially in GBM, has not been explored. In this study, we showed elevated Tbx2 expression in 40.2% astrocytoma samples. Tbx2 protein staining was negative in normal glial cells and neurons. The rate of Tbx2 overexpression was higher in Grade IV astrocytoma (glioblastoma multiform) than that in low-grade tumors, suggesting its correlation with malignant phenotype. Importantly, we demonstrated Tbx2 correlated with poor prognosis in patients with all-grade astrocytomas and in patients with GBM alone. Additionally, Tbx2 served as a prognostic factor, suggesting its expression status could be proposed for diagnostic or prognostic determination and therapeutic intervention.
The investigation of its biological effects in cell lines is a prerequisite to understand the roles of Tbx2 in GBM 
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Yi et al progression. We transfected Tbx2 siRNA and plasmid in U251 and A172 cell lines, respectively. Decreased proliferation and invading ability was observed after Tbx2 knockdown in U251 cell line. Tbx2 overexpression facilitated cell proliferation and invasion in A172 cell line. These findings indicated that Tbx2 might play an important role during malignant progression of astrocytoma cells. Cell cycle analysis showed that Tbx2 facilitated cell cycle progression. We checked several cell cycle-related proteins and found that Tbx2 upregulated cyclin D1 and downregulated p21. Cyclin D1 positively regulates G1-S progression.
11
Activation of cyclin D1 has been demonstrated in human astrocytomas. [12] [13] [14] p21 is a cyclin-dependent kinase inhibitor that is downregulated in astrocytoma. 15 It has been reported that Tbx2 directly represses the expression of the p21 promoter in vitro and in vivo. 9, 16 Together, these results indicated that Tbx2 facilitated malignant cell growth through regulation of cell cycle-related proteins. Next, we checked invasionrelated factors and found that Tbx2 positively regulated MMP2 and MMP9, both of which are capable of degrading extracellular matrix proteins, facilitating GBM invasion. 17, 18 A previous study reported that Tbx2 could induce epithelialmesenchymal transition. 19 However, astrocytoma is a nonepithelial cancer without E-cadherin. Thus, we assumed that EMT was not responsible for Tbx2-induced cell invasion.
The role of Tbx2 on chemoresistance and apoptosis of GBM cells remains unclear. To clarify this issue, we examined the change of cell viability and apoptosis after TMZ 
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Tbx2 in glioblastoma treatment. Tbx2 depletion sensitized cancer cells to TMZ treatment by upregulation of apoptosis rate and downregulation of cell viability. Tbx2 reduced TMZ-induced apoptosis. Accordingly, Tbx2 overexpression reduced the level of caspase 3 cleavage, indicating decreased level of apoptosisinduced cell death. In addition, Tbx2 upregulated Bcl-2 while reducing cytochrome C level. Bcl-2 plays an important role during development of chemoresistance in GBM and correlates with poor patient prognosis. [20] [21] [22] Cytochrome C serves as an indicator of mitochondria-related apoptosis. 23 Thus, these results suggest the role of Tbx2 as an inhibitor of apoptosis. Mitochondrial morphology is regulated by the balance between fusion and fission, which is controlled by dynamin-related GTPases. 24 Mitochondrial dynamics have recently been associated with malignant activity of cells. It was reported that increased mitochondrial fission promoted the survival of cancer cells by autophagy and inhibition 
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Yi et al of mitochondria dependent apoptosis. 25 Mitochondrial hyperfusion sensitizes human cancer cells to drug-induced apoptosis. 26 Our results showed that Tbx2 induced mitochondrial fission, which contributes to the survival of GBM cells. Accordingly, we found upregulation of p-Drp1 after Tbx2 overexpression. Drp1 phosphorylation at ser 616 promotes recruitment of Drp1 to the mitochondrial membrane, which induces increased mitochondrial fission. 27 To better define the change of mitochondria function, we examined mtDNA content. mtDNA plays a central role in maintaining normal mitochondrial function, and many studies indicated that changes in mtDNA content may contribute to cancer progression. 28 We found that Tbx2 overexpression upregulated mtDNA content and that its depletion downregulated mtDNA content, suggesting Tbx2 maintains normal mitochondrial function in astrocytoma cell lines. Taken together, these results indicate Tbx2 alleviates mitochondria dysfunction and disruption in GBM cell lines.
In conclusion, Tbx2 is overexpressed in human astrocytoma and is correlated with advanced grade and poor survival. Tbx2 promotes GBM cell growth and invasion and inhibits TMZ-induced apoptosis, possibly through regulation of mitochondrial dynamics. Based on these findings, Tbx2 might serve as a useful biomarker and therapeutic target in human astrocytoma.
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